Impacts of Indo-Pacific sea surface temperature anomalies on the summer monsoon circulation and heavy precipitation over northwest India-Pakistan region during
Impacts of
Pacific, substantial Indian Ocean warming and a negative Indian Ocean Dipole event, 23 together with significant enhancement of precipitation over both the equatorial western 24
Pacific and the eastern Indian Ocean. 25 Here, we perform a suite of high-resolution Atmospheric General Circulation Model 26 experiments to investigate the influence of Indo-Pacific SST anomalies on the South 27 Asian monsoon circulation and heavy precipitation over Pakistan and adjoining northwest 28 India during 2010. The realistic simulation of these rainfall anomalies using observed 29 SSTs motivated us to explore the specific influence of Indian Ocean and Pacific SST 30 anomalies through additional simulation experiments. Our findings show that, in addition 31 to strengthening of the Pacific Walker circulation, the anomalous intensification of east-32 west circulation over the Indian Ocean in 2010 was a key element in contributing to 33 precipitation enhancement over the northwest India-Pakistan region. It is found that the 34 subsiding branch of the east-west circulation over Indian Ocean induced anomalous 35 subsidence over the western tropical Indian Ocean and played a key role in inducing 36 northward transport of moisture and promoting generation of strong upward motion and 37 heavy precipitation events over the northwest India-Pakistan region. 38
Introduction 39
The intense rainfall events over Pakistan during the peak summer monsoon of 2010 40 resulted in the record breaking catastrophic flood in this region, which affected millions 41 of the people (Houze et al. 2011 ). The humanitarian disaster caused by the July-August 42 2010 flash floods over Pakistan called for a detailed scientific investigation in order to 43 determine if such climate events can be anticipated. The results suggest a potential 44 predictability of about a week based on the ECMWF EPS system (Webster et al. 2011). 45 Since then, many scientific investigations have been conducted to unravel the factors 46 leading to this unprecedented disaster. First, the torrential rainfall over the region is 47 mainly attributed to westward displacement of dramatic weather patterns, which normally 48 occurred over northeastern India and Bangladesh during the monsoon (Houze et al. 2011 ; 49 Rasmussen et al. 2014 ). Next, it has been shown that the southward intrusion of mid-50 latitude weather systems associated with a persistent blocking high over Europe and 51
Russia was one of the key-factors for the occurrence of the northwest India-Pakistan 52 (Indo-Pak) extreme rainfall events (Hong et worth mentioning, however, that the 2010 extreme rainfall event over Indo-Pak region is 70 also an unique event in the set of years in which a La Niña and a negative IOD events 71 have simultaneously co-occurred (see Mujumdar et al., 2012) . 72
La Niña atmospheric teleconnections generally favor excessive summer monsoon rainfall 73 over south Asia (Rasmussen and Carpenter 1983; Halpert and Ropelewski 1992 The paper is organized as follows. A description of the AGCM, the precise setup of our 116 various sensitivity experiments, the observed datasets and statistical tools used in our 117 diagnostic analysis is provided in Section 2. Section 3 assesses the realism of simulations 118 of large-scale circulation patterns over Indo-Pacific region associated with sub-tropical 119 South Asian extreme rainfall events from a set of simulations forced with observed SST 120 anomalies during 2010. Section 4 is devoted to a quantitative assessment of the role 121 ENSO and ENSO-unrelated SST anomalies on the 2010 flood events with the help of 122 several dedicated sets of sensitivity experiments conducted with the same AGCM. 123
Analysis of the divergent and non-divergent components of the anomalous vertically 124
integrated water vapor transport in the sensitivity experiments is provided in Section 5 in 125 order to unravel the role of intrinsic Indian Ocean variability during 2010. The discussion 126 and summary are presented in the last section. The five ensemble sets of experiments differ from each other only with regards to the 190 specification of the SST boundary conditions. Each of these sets comprises of ten 191 simulations starting from the 16 th May 2010. Ten perturbed initial conditions for these 10 192 realizations were generated following a slight variation of the method described in Sabin is extracted from each of the ten members of a given set of experiments in Table 1 . 246
Secondly, these concatenated time series are considered as the sample of daily extremes 247 for this particular set of experiments. As an illustration, the sample of daily minimum 248 values of 500 hPa vertical wind velocity for the C-SST set contains 1220 time steps (122 249 days by 10 members). Finally, the two parameters (e.g. the shape and scale parameters) of 250 the Weibull distribution (Rousu 1977; Justus et al. 1978 ) are estimated from this sample 251 by using the maximum likelihood method at 95% confidence level (Bowden et al. 1983) . 252
As an illustration, we show in Figure 2d The Weibull distribution diagnostic described in Section 2 has been applied to the 282 minimum daily mid-tropospheric (500 hPa) vertical velocity time series extracted from 283 the northwest Pakistan region in the C-SST and R-SST runs (Fig. 4) . First, as expected, 284 we note that the R-SST simulations failed to reproduce the exact timing of the heavy 285 rainfall events over the northwest Pakistan since the simulations were start from the 16 th 286
May from random initial conditions. However, the significant contribution from SST 287 anomalies to daily synoptic scale convective activity over northwest Pakistan region 288 during 2010 is well brought out by the elongated tail of the Weibull distribution for the R-289 14 SST simulations, which is the characteristic of a high probability of extreme convective 290 activity at daily time scale during 2010. On the other hand, the tail of the Weibull 291 distribution in case of the C-SST simulations is much shorter with no values below -2.2 292 hPa/s (Fig. 4) . 293
Focusing now on the tridimensional atmospheric circulation during 2010, the 294 anomalously enhanced convection over north Arabian Sea and northwest Pakistan region 295 ( Fig. 3a) is associated with strong upward vertical velocity anomalies from low levels up 296 to the tropopause level and seems to descend south of the equator (Fig. 5a ). This 297 anomalous meridional structure over the western part of the Indian domain is reasonably 298 captured by the R-SST runs, though the sinking motion is slightly more to the south in 299 model compared to observations (Fig. 5b) . The positive SST anomalies over the southeast 300 Pak rainfall events with the help of the E-SST and NE-SST runs (see Table 1 ). 327
The Table 1 ). 354
The observed suppressed rainfall associated with stronger anomalous easterly wind 355 induced moisture divergence over north India are not well reproduced by the NE-SST and 356 NE-IO-SST runs, especially for NE-SST set (Figs. 6b and c) . These observed features are 357 clearly due to the ENSO component to first order (Fig. 6a) . Interestingly, the observed 358 rainfall and moisture transport anomalies over Arabian Sea are reasonably captured by 359 the NE-SST, NE-IO-SST experiments (Figs. 6b and c) , while the E-SST runs fail to 360 simulate these regional anomalies (Fig. 6a) Furthermore, the key influence of Indian Ocean SST anomalies unrelated to ENSO in 369 promoting the occurrence of extreme rainfall events over northwest Pakistan is also 370 illustrated by the Weibull diagnostic applied to the NE-SST and NE-IO-SST runs (Fig. 4) . 371
The interesting feature of the probability density curve in case of NE-SST and NE-IO-372 SST experiments is its elongated tail compared to the E-SST runs, tending to the one 373 found in the R-SST runs, which indicates a higher probability of extreme daily upward 374 motion over the northwest Pakistan region, evolving from deep convection induced by 375 lower level moisture convergence (Fig. 4) . This elongated tail, which characterizes the 376 occurrence of intense convective activity at the daily time scale, is highlighted in the inset 377 of the Fig. 4 . We have also confirmed that total count of extreme rainy days during 378 monsoon season is generally higher in NE-SST and NE-IO-SST runs relative to C-SST 379 and E-SST ensembles (figure not shown). We first try to get a better understanding of the physical mechanism responsible for the 399 local maintenance of high water vapor content over northwest Pakistan during 2010 by 400 using the potential of integrated moisture transport anomalies and its divergent 401 component in R-SST, E-SST and NE-SST sets of simulations (Fig. 7) . The statistically 402 19 significant regions at the 95% confidence level are marked in these figures. (Figs. 1c, 6b and 6c ) is well 420 marked by anomalous moisture convergence, which is statistically significant at the 95% 421 confidence level in NE-SST runs (Fig. 7c ). This region of intense convection extends 422 eastward over the Maritime Continent, while its western counterpart, the region of 423 suppressed convection over the western and central Indian Ocean (see Figs. 3a and 6b, c) , 424 coincides with a region of moisture divergence (Fig. 7c) . In other words, the zonal 425 20 gradient of SST over the Indian Ocean in the NE-SST runs seems to induce moisture 426 convergence and ascending motion over southeastern Indian Ocean and, in turn, moisture 427 divergence and descent over western and central equatorial Indian Ocean (Fig. 8c ; see 428 Lindzen and Nigam, 1987) . 429
It is also interesting to note that the conventional region of moisture divergence over Fig. 1c ), together with the 436 moisture divergence over equatorial Indian Ocean (Fig. 7c) , might have contributed to the 437 enhanced moisture convergence over north Arabian Sea in NE-SST runs (Fig. 6c) . 438
Upward motion overlies this region of moisture convergence and enhanced rainfall (over 439 north Arabian Sea and adjacent areas), while subsidence coincides with the region of 440 moisture divergence in NE-SST runs (Fig. 8a) . On the other hand, E-SST runs depict a 441 strong ascent over equatorial Indian Ocean with a descent over northwest Pakistan region 442 ( Fig. 8b) , which is significantly different from R-SST experiment (Fig. 5b) . However, E-SST experiment failed to capture enhanced rainfall activity over the 460 northwest Pakistan region (Fig 6a) . the NE-SST runs is remarkable (Fig. 9c ). This phenomenon intensifies the northwestward 470 shift of anomalous moisture transport over Indo-Pacific sector prevailing during the La 471 22 Niña episode of 2010 ( Figs. 9a and c) . Furthermore, the southwesterly flank of this 472 anomalous anticyclonic circulation (Fig. 9c) , together with the regional divergent 473 component of moisture flux (Fig. 7c) It may be worth exploring how regional air-sea coupled interactions might have 556 modulated the background flow during 2010 boreal summer, an issue, which could not be 557 addressed in our forced modeling framework. This could be scope for future study using 558 coupled atmosphere-ocean models, which may give better insight into the complex air-559 sea processes over the Indian Ocean, associated with heavy rainfall events. Finally, the 560 reasonable success of the LMDZ AGCM in reproducing the complex features of the 561 26 monsoon circulation during 2010 from the SST boundary forcing alone highlights that 562 such global climate model, with a telescopic zoom over a specific region, may be 563 successfully used to produce improved regional climate change projections world-wide 564 (based on CMIP5 simulations) in the framework of the ongoing Coordinated Regional 565 Downscaling Experiment (CORDEX South-Asia, http://cccr.tropmet.res.in). 
